Summary.-The effect of the tumour promoters TPA, phenobarbitone and saccharin on the production of sister-chromatid exchanges (SCE) was studied. TPA produced a small but significant increase of SCE in Chinese hamster cell lines V-79 and CHO, and in a hybrid clone formed by fusion of CHO with rat liver epithelial cells. The enhancement of SCE by TPA was not affected by the type of culture medium, heatinactivated bovine serum, or the batch of TPA. In the presence of exogenous Lcysteine the enhancement of SCE was reduced. TPA also increased the uptake of 2-deoxyglucose by the cells, to an extent similar to that of the SCE enhancement. This enhancement of SCE by TPA may be explained partly through the formation of free radicals, and partly through alterations in the cell-surface membrane and/or a transient delay in the cell-cycle progression. The other tumour promoters, phenobarbitone and saccharin, also enhanced both SCE and the uptake of 2-deoxyglucose in V-79 cells.
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ALTHOUGH the precise molecular mechanism of SCE formation is yet to be understood, it has been amply demonstrated that some kind of DNA lesions (e.g. DNA-DNA or DNA-protein crosslinks, and DNA single-strand breaks) is involved (Bradley et al., 1979; Swenson et al., 1980; Cassel & Latt, 1980; Kano & Fujiwara, 1981) . Most of the chemicals which induce this effect are mutagens which are known to produce DNA damage either directly or after metabolic activation (e.g., Perry & Evans, 1975; Natarajan et al., 1976; Ray-Chaudhuri et al., 1980) . Tumour promoters such as TPA (see review by Diamond et al., 1978 ) appear exceptions to this rule. These compounds, though not mutagenic (Trosko et al., 1977) , have been shown by some workers to produce SCE. Since Kinsella & Radman (1978) first demonstrated that TPA induces a high rate of SCE in Chinese hamster V-79 cells, two other groups have reported a positive effect of TPA on the induction of SCE in mammalian cells , 1981 Gentil et al., 1980) , though many others have failed to demonstrate a significant change in SCE (Loveday & Latt, 1979; Thompson et al., 1980; Miller et al., 1981; Hsueh et al., 1981; Connell & Duncan, 1981) . Recently, Nagasawa & Little (1981) have suggested that these different findings may be due to the culture conditions.
In view of the importance of promotion in the carcinogenic process, we have designed experiments to study the effect of TPA, if any, on SCE induction and have critically examined the role of different experimental conditions on the expression of SCE. Moreover, we have investigated the effect of two other promoters, phenobarbitone and saccharin (Peraino et al., 1977; Mondal et al., 1978; Fukushima et al., 1981) on SCE production. We report here that all 3 promoters produce a small but highly significant increase of SCE. Culture media.-F1O (Ham, 1963 ) and Dulbecco's MEM (DMEM; Morton, 1970) both supplemented with 10% foetal calf serum (FCS, K.C. Biological Inc., Lenexa, KA) and Garamycin (50 ,[g/ml; Schering Corp. Kenilworth, N.J.) were used. In some experiments, the serum was heat-inactivated at 60°C.
Cell lines and culture method.-The Chinese hamster ovary cell line CHO (CCI 61 CHO K') was purchased from the American typeculture collection, Rockville, MD. A clone was derived from the CHO cell line by ring isolation and maintained as a separate line. Chinese hamster lung fibroblast V-79 cells were obtained from Dr B. Myhr, Litton Bionetics, Inc. Kensington, MD. This cell line was then adapted to grow in the FIO medium. In addition, a clone 3.1.9, isolated from hybrids formed by fusion of CHO cells with rat liver epithelial cells (Jype et al., 1981) , was also used. This hybrid clone was shown to be highly sensitive to SCE production by a number of xenobiotics.
The cells were seeded in 60mm plastic culture dishes (Falcon Plastics, Oxnard, CA) in 5 ml medium containing 1-2-5 x 105 cells, and incubated at 37°C in humidity cabinets with a gas phase of 5% CO2 in air. All the cell lines have a mean cell cycle time of 11-12 h. The Chinese hamster cell lines have a diploid chromosome number of 18-22, while the hybrid clone had 30-40 chromosomes and contained both rat-specific and hamster-specific chromosomes (lype et al., 1981) .
Measurement of 2-deoxyglucose uptake.-Single-cell suspensions of V-79 cells (in FIO or DMEM) were plated at a density of 104 cells/cm2 in 60mm Falcon Petri dishes (4 dishes/sample). After 6 h the medium was replaced with an equal volume of the respective medium containing the different concentrations of TPA. After a further incubation for 18 h, the uptake of 2-deoxyglucose (DG) was determined as previously reported (Siddiqi & lype, 1975 and were handled under a yellow safe light. After further incubation for 24 h, during which the cells went through 2 rounds of DNA replication, colcemid (0-02 ,ug/ml; GIBCO, Grand Island, N.Y.) was added to arrest the cells in mitosis, and 2 h later the cells were harvested using 0-05% trypsin. The cells were suspended in a 0-075M KCI hypotonic solution for 20 min, and then fixed in methanol: acetic acid (3:1) for 30 min. After 2 more changes of fixative, cells were spread on microscope slides and air-dried. A modified fluorochrome+Giemsa technique (Perry & Wolff, 1974) was used to stain the chromosomes. Metaphase plates of cells containing clearly differentiated chromosomes were examined under an oil immersion objective, using a Zeiss Universal Microscope. The SCEs in 50 cells selected at random were scored for each concentration of the test compounds in all the cell systems and experimental conditions used. Exchanges from 50 cells were also counted for every set of control experiments, to determine the baseline frequency of SCE, and the data were analysed statistically.
From preliminary experiments, it was found that phenobarbitone and saccharin were not toxic to hamster cell lines up to doses of 100 ng/ml and 1 mg/ml respectively. On the other hand, TPA was toxic (reduced the colony-forming ability in the continuous presence of TPA for 10 days) even at 0-01 [kg/ml, but the toxicity was not dose-dependent. In the presence of BrdU (a prerequisite for visualizing SCE) and where the duration of exposure to TPA was relatively short (24-30 h) no acute toxicity was seen, though there was a delay in progression through the cell cycle (Table I) . Loveday & Latt (1979) . We looked at (a) two concentrations of BrdU (5 and 10 ,ug/ ml), (b) a wider range of TPA doses and (c) a different batch of TPA (lot 026) which is currently being used by a number of research groups. The concentration of BrdU does not appear to modify the SCE of the control or TPA-treated cells (Table II ; Expt 2). TPA gave a significant increase in the number of SCE (Table II) even at a dose as low as 0-01 tngl ml. A dose of 0-001 ,ug/ml produced no significant increase of SCE over the control value (data not shown). However, the SCE were not increased by higher doses (up to 1 /ng/ml) and both batches of TPA gave similar results. We have checked not only the SCE induction by TPA in the main line of CHO, but also in a sub-clone. The TPA enhancement ratio of SCE in the clone was similar to that of the parent culture (Table II) . We then tested the effect of TPA on the hamster lung cells, V-79, since the initial experiments of Kinsella & Radman (1978) were done with these cells. Moreover, the same cells were cultured either in F-10 or DMEM, since different culture media have been used by the different investigators. In both experiments TPA at 0.01 Hug/ml produced a similar and significant increase in SCE; which was similar to that obtained with other indicator cells (Table II) .
Experiments were then performed to study the effect of heat-in-activation of FCS on SCE induction. The production of SCE was enhanced in both the control, and in the TPA-treated cells when they were incubated with heat-inactivated FCS (Table III) . However, the enhancement of SCE by TPA in the V-79 cells was the same, whether the FCS was heat-inactivated or not. When L-cysteine, a scavenger for free radicals, was added to the heatinactivated serum, SCE in the control was unchanged. However, the enhancement ratio induced by TPA was lower in the presence of L-cysteine, showing that this free radical scavanger reduced TPAenhanced SCE (Table III) . The effect of TPA on the higher levels of SCE pre-induced by carcinogens was then studied by treating V-79 cells first with low doses of MNNG or 7-bromomethylbenz[a]anthracene (30 min), and then with 1 ,ug/ml of TPA. Whilst TPA did enhance the SCE of the control cells, the SCE pre-induced by the carcinogens/ mutagens was not further enhanced by TPA (Table IV) .
Since TPA is known to produce a number of changes in cell-surface membranes, we have studied its effect on the uptake of DG in V-79 cells. It was found that TPA enhanced DG uptake 1-4-fold, and the enhancement was similar with both concentrations (Table V) . However, TPA still increased the DG uptake, even in cells pretreated with MNNG. Saccharin and phenobarbitone also showed an increase in DG uptake at the higher concentrations (Table V) but they also elicited a significant increase in SCE over the controls at lower concentrations (Table  VI) . As with TPA, no dose-dependent increase in SCE was seen when cells were treated with saccharin or phenobarbitone (Tables II, VI) .
DISCUSSION
Although considerable work has been reported on the effect of TPA on SCE induction, as mentioned earlier, the results were variable. We have studied a number of factors which might have produced these discrepancies.
An increase in SCE could result from prolonged treatment with BrdU (Ockey, 1980) . TPA did produce a delay in the progression through cell cycle (Table I) and such temporary delay of growth has been observed in other cell systems (Peterson et al., 1977 , Kinzel et al., 1981 . We maintained the duration of BrdUtreatment constant at 24 h, though maintenance for longer could have produced even more SCE in the treated samples (Ockey, 1980) . Having standardized the experimental conditions, the effect of different concentrations of BrdU and different batches of TPA was then studied (Table II) and we found no appreciable differences in the enhancement of SCE by TPA. However, there was no dosedependency beyond the threshold concentration. This result is not consistent with that of Nagasawa & Little (1981) , who found a dose-dependent increase of SCE from 0.1 to 4 pg/ml with the same batch (lot 026) of TPA, but no increase with 0-01 jg/ml. The difference in our results may be due to the different indicator cells used. It is possible that different cell lines have inherent differences of sensitivity to SCE production. Recently, a CHO cell line with a high base-line frequency of SCE was reported (Thompson et al., unpub.) . Using a sub-clone of CHO, as well as V-79 cells, we found a similar enhancement of SCE to that seen in other cell types (Table II) . Nagasawa & Little (1981) reported that the induction of SCE by TPA was markedly suppressed in synchronized CHO cells if the FCS in the incubation medium was not heat-inactivated. We found that heat inactivation did not affect the enhancement of SCE (Table III) . Nagasawa & Little (1981) also reported that TPA-induced SCE with heat-inactivated serum could be reduced if superoxide dismutase was added to the niedium. They and others (Emerit & Cerutti, 1981) have suggested that free radicals may be important intermediates in the induction of SCE by TPA. Recently Slaga et al. (1981) also reported that the generation of free radicals could lead directly or indirectly to membrane peroxidation. Our results with L-cysteine (Table III) suggest that it is likely that the action of TPA may be manifested through free-radical formation. However, even in the presence of L-cysteine, at a concentration which protects cells from chromosome damage (Emerit et al., 1974; Raj & Heddle, 1980) , there was still a significant enhancement of SCE by TPA (Table III) . Therefore some other cellular properties altered by TPA may be at least partly responsible for its enhancement of SCE.
It has been shown that MNNG-induced SCE or MNNGinduced forward mutagenesis (Kinsella, 1981) were not further affected by TPA in hamster embryo cells and V-79 cells, respectively. Gentil et al. (1980) also found that TPA does not increase SCE, when V-79 cells treated first with MNNG, were treated again with TPA, though they did observe SCE induction when TPA preceded MNNG treatment. From our experiments (Table IV) it is clear that the two direct-acting carcinogens/ mutagens considerably increased the level of SCE 2-4-fold, and that it was not further enhanced by TPA.
TPA is known to produce a number of changes in the cell-surface membranes (Wenner et al., 1974; Blumberg et al., 1976; Wigler & Weinstein, 1976; Dridger & Blumberg, 1977; Lee & Weinstein, 1978; Shoyab et al., 1979; Fisher et al., 1979) . Dridger & Blumberg (1977) reported a marked increase in DG uptake in "resting" chick embryo fibroblasts after TPA. However, even in cells grown in 10% serum, the DG uptake (which was 7.4-fold higher than that of resting cells) was further increased 1 4-fold by TPA. Our experiments with V-79 cells were comparable with the latter condition used by Dridger & Blumberg (1977) and we observed a similar enhancement (Table V) . Since the enhancement ratios of DG uptake and SCE production (Table II) were similar, it is possible that the increase in SCE by TPA may be effected through alterations in the properties of cellsurface membranes. However, under conditions where there was no further increase in SCE by TPA (i.e. cells pretreated with MNNG), this promoter still increased DG uptake (Table V) . This may be because MNNG per se did not significantly affect cell permeability. On the other hand, if the increase in cell-membrane permeability due to TPA is partly responsible for enhancing SCE in the control cells, it does not appear to do so in the carcinogen-treated V-79 cells. As the increased SCE produced by mutagens (primarily due to inter-action with DNA) is great, the small enhancement of SCE by TPA through the mechanisms suggested (via free-radical formation and/or alteration in cell-membrane permeability) may not be manifested. This is consistent with the finding of DiPaolo et al. (1980) that SCE preinduced by MNNG was also not affected by antipain, an inhibitor of cellsurface protease.
Saccharin has been shown to induce SCE in CHO cells by Wolff & Rodin (1978) without any dose-dependent change between 1 and 10 mg/ml. We used 0.1 and 1 mg/ml on V-79 cells and found the same enhancement as reported by these authors for CHO cells. A much higher dose of saccharin than TPA was needed to induce SCE. Trosko et al. (1980) have shown that 01 ,ug/ml TPA inhibited metabolic cooperation between cells more than did 5 mg/ml of saccharin. However, both agents change the properties of the cell membrane. It can also be seen ( Table V) that saccharin at 1 mg/ml increased the DG uptake to a level similar to that produced by low doses of TPA.
There have been no previous studies on SCE induction by the liver-tumour promoter phenobarbitone. We found that it significantly enhanced SCE (Table VI) even at a concentration of 10 [kg/ml. The membrane permeability was not affected at this level (Table V) . At 100 ig/ml the uptake of DG was also significantly increased. Phenobarbitone is known to alter membrane-associated enzymes, which mnay be related to its promoting activity (Williams et al., 1980) . As with TPA and saccharin, SCE enhancement by phenobarbitone was not altered by the 10-fold increase in dose (Tables II, VI) .
We have shown earlier that, in our cell systems, SCE are induced by mutagenic carcinogens (Ray-Chatudhuri et al., 1980; type, et al., 1981) that are known to interact with DNA. Methapyrilene and nitrosodiethcanolamine, which are nonmutagenic carcinogens, were incapable of producing SCE (lype et al., unpublished) . Despite their varied and numerous biological properties, tumour promoters (especially TPA) are not known to interact directly with DNA; yet TPA, saccharin and phenobarbitone did enhance SCE formation; thus they must act by some mechanism other than direct DNA interaction. These agents may indirectly perturb DNA via free-radical formation, as suggested earlier (Nagasawa & Little, 1981; Slaga et al., 1981) which may be partly responsible for the SCE enhancement by TPA shown in this study. An important difference between SCE induction by mutagenic carcinogen and tumour promoters is that in the former the induction increases with the dose of the agent, whereas in the latter there is an "all or none" effect after a threshold dose. Such an effect may be mediated through the change in the cell membrane produced at the threshold dose, and above, of the promoters.
Another factor involved in the enhancement of SCE by TPA may be the delay in the progression of the cell cycle. Since chromatid exchanges are formed during S phase of the cell cycle, it is likely that any agent which lengthened this phase would also increase the basal level of SCE seen in cultured cells.
From these studies, it is clear that TPA did enhance SCE production in 3 indicatorcell systems under different experimental conditions. The lack of SCE enhancement reported by some other investigators is therefore unlikely to be due to variables such as batch of TPA, culture medium and heat inactivation of the serum. However, different cell lines may not always respond similarly to TPA. In the cells used in our experiments, saccharin and phenobarbitone also enhanced SCE.
